Background and Purpose: Our investigation sought to determine whether neonatal brain ischemic vascular and metabolic effects were altered by repeated episodes of ischemia.
S erious cardiopulmonary disorders of term and
preterm infants may result in repeated episodes of brain ischemia. Evidence is accumulating that, for a given length of brain ischemia, repeated short periods of ischemia may be of greater detriment compared with a single, longer interval of ischemia. This has been demonstrated by examining the brain water content and histological alteration of adult gerbils, and the cerebral energy state in adult cats. 1 - 2 The time interval between brain ischemia appears to be important in determining brain effects. In adult gerbils, a 1-hour interval between ischemia was associated with much greater changes in brain biochemical alterations than was a more prolonged interval (5 hours to 2 weeks). 3 In contrast, we previously demonstrated in neonatal piglets c in Ketamine (10 mg/kg i.m.) was used for premedication followed by inhalation of 70% N 2 O and 30% O 2 . After local infiltration with 1% xylocaine, a tracheostomy was performed with placement of a 3.5-mm endotracheal tube and initiation of mechanical ventilation. Intravascular catheters were positioned in the distal aorta and inferior vena cava, and two catheters were placed in the left common carotid artery, one directed caudad and the other cephalad. The left external carotid artery was ligated, the scalp was retracted, and a blood pressure cuff was positioned around the neck. Animals were immobilized with D-tubocurarine chloride, and analgesia was provided by intravenous nubain (0.1 mg/kg). Piglets were wrapped in a heating blanket to maintain rectal temperature at 38.5°C, positioned supine with the head resting on two rectangular concentric radiofrequency coils (outer coil 5x4 cm, inner coil 4.5x3.5 cm), and placed in a 40-cm-diameter-bore Oxford superconducting magnet (General Electric, CSI system) operating at 4.7 T. A 90-minute stabilization period started after piglets were positioned in the magnet. Multiple magnetic resonance and physiological measurements were made at six different intervals in each animal, as summarized below and depicted in Figure 1 .
1. Control (C). Baseline measurements, including duplicate magnetic resonance and physiological measurements, were acquired over 15 minutes.
2. Ischemia 1 (1-1). A spectrum of blood flow reduction was created by inflation of the blood pressure cuff to 300 mm Hg in combination with varying degrees of hemorrhagic hypotension. Ten minutes was required to induce these changes. Once achieved, ischemia was maintained for 10 minutes and magnetic resonance and physiological measurements were acquired over the last 5 minutes. At completion of ischemia, all withdrawn blood was returned to the animal, and the blood pressure cuff was deflated. Systemic infusion of glucose (10% dextrose in water, 10-15 mg • kg" 1 • min" 1 ), was administered during ischemia to ensure a constant systemic glucose concentration during this interval.
3. Recovery 1 (R-l). Thirty minutes after deflation of the blood pressure cuff and reinfusion of all withdrawn blood, magnetic resonance and physiological measurements were acquired in duplicate over 15 minutes. This interval served as a measure of recovery from 1-1 and as a preischemic baseline for the next interval of ischemia. Thus, each interval of ischemia was separated by a total of 45 minutes.
4. Ischemia 2 (1-2). A second interval of ischemia was induced over 10 minutes and maintained for 10 minutes as described for 1-1. Data acquisition, glucose infusion, and termination of this interval were as described for 1-1.
5. Recovery 2 (R-2). Thirty minutes after 1-2, magnetic resonance and physiological measurements were acquired in duplicate over 15 minutes to assess recovery from 1-2 and determine the baseline for ischemia 3.
6. Ischemia 3 (1-3). A third interval of ischemia was performed after R-2 with the same equilibration time, data collection, glucose infusion, and duration as described for 1-1 and 1-2. During each experiment, the inspired O 2 concentration was 30%, and the ventilator rate was adjusted to maintain arterial isocapnia.
Blood samples were obtained from the carotid artery (directed caudad) for blood gases, pH, O 2 content, and plasma concentration of glucose, as previously described. 6 Determination of CBF and phosphorylated metabolites coincided with blood sampling. To measure CBF, deuterium ( 2 H) magnetic resonance spectroscopy (MRS) was used to measure deuterium oxide clearance from tissue. 7 This method has been validated in our laboratory by comparison with microsphere measurements of CBF and can be combined with phosphorus-31 MRS to simultaneously measure CBF and phosphorylated metabolites from the same volume of tissue. 5 The two concentric radiofrequency coils were tuned to 80 ( 8 CBF=100Afc, where A, the partition coefficient, was previously determined to equal 0.85±0.07 ml/g for neonatal piglets. 5 The CBF value (ml • 100 g" 1 • min" 1 ) was expressed as either a percentage of control (for preischemic intervals, R-l and R-2) or as a percentage of each preischemic interval (for ischemia periods, 1-1, 1-2, and 1-3). Phosphorus-31 data were processed by applying left shift removal of the first three data points in the accumulated free induction decay, exponential multiplication corresponding to 20-Hz line broadening, Fourier transformation, and baseline straightening using an interpolation routine. The data analysis package, NMRI (New Methods Research Inc., Syracuse, N.Y.) was used to analyze 31 P MRS by peak height analysis. The pHi was calculated from the chem- ical shift of the inorganic phosphorus (Pi) resonance peak using the following equation 9 :
where X refers to the chemical shift of the Pi peak. An estimate of the total phosphate pool was determined from the area of the 31 P spectrum from 10 to -20 ppm. During each preischemia period, plots of 31 P spectra were cut and weighed; the weight was taken as a measure of the total area. Free ADP was calculated from the creatine kinase reaction using previously obtained brain biopsy results of ATP and phosphocreatine (PCr) concentration from neonatal piglets during control conditions, 9 and an equilibrium constant of 1.66x10' M" 1 derived by Veech et al. 10 Similarly, free AMP was calculated from the adenylate kinase reaction using the derived free ADP and an equilibrium constant of 1.05.
u Free ADP and AMP were derived only during control and recovery because the assumption of an equilibrium for the creatine phosphokinase and adenylate kinase reactions was presumed to be fulfilled based on constant duplicate measurements of pHi, PCr, and 0-ATP.
Results were first analyzed to determine whether ischemia affected recovery values by comparing, using paired t tests, variables during control and each preischemic interval (R-l and R-2). Duplicate measurements performed in the preischemic intervals were averaged before analysis. For comparison of phosphorylated metabolites, peak heights from R-l and R-2 were expressed as a percentage of C. Peak heights from 1-1,1-2, and 1-3 were normalized by expressing the results as a percentage of preischemic interval C, R-l, or R-2, respectively. Paired t tests were used to compare results of 1-1 versus 1-2 and 1-3. Linear and nonlinear regression were used to examine changes in phosphorylated metabolites and pHi as a function of CBF. Comparisons of regressions between CBF and brain metabolic variables (/3-ATP, Pi, PCr, pHi) during each interval of ischemia revealed that a first-order equation gave a better fit (F test) than did a second-order polynomial equation in all but two instances. Therefore, to facilitate comparison of regression lines between each period of ischemia, results for the above variables are all presented as linear functions. Because more than one t test was performed for each variable, statistical significance was achieved at p< 0.025. We have attempted to balance the desirable feature of a parsimonious statistical analysis 12 and a more complex analysis that could be more difficult to interpret. The latter would require stronger assumptions, such as sphericity (independence and interaction) required in the multivariate approach to repeated measurement analysis. 13 Values are reported as mean±SD.
Results Important systemic variables, CBF, pHi, and phosphorylated metabolites determined before each interval of ischemia (C, R-l, and R-2) are listed in Table 1 . Repeated intervals of ischemia resulted in a modest decrease in arterial pH and mean arterial pressure during R-l and R-2. The reduction in arterial pH was metabolic in origin, evidenced by the constant Paco 2 . There were no alterations in systemic oxygenation (Pao 2 and arterial O 2 content were unchanged) during the preischemic periods. At control, CBF was 44±11 ml • 100 g" 1 • min" 1 . Cerebral blood flow showed a trend toward reduction at R-2 but was not statistically significant (p=0.08). Calculation of cerebral O 2 delivery (product of O 2 content and CBF) mirrored CBF and was unchanged when preischemic periods were compared. Calculation of brain pHi and determination of relative concentrations of PCr did not reveal changes at R-l and R-2. There were, however, progressive reductions in /3-ATP and increases in Pi at R-l and R-2. The alterations in ATP were not confined to the /3 resonance peak; similar results were found when the y and a resonance peaks of ATP were analyzed.
The changes in /3-ATP and Pi during R-l and R-2 were examined to determine whether there was ongoing brain ischemia because CBF tended to decrease during R-2. The reduction in /3-ATP during R-l and R-2 had a positive correlation with the magnitude of decrease in CBF during the preceding interval of ischemia (r=0.5, p=0.012). However, there was no correlation between the change in /3-ATP and either CBF (r=0.15) or cerebral O 2 delivery (r=0.14) during recovery. In addi- 
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Recovery ADP (% of Control) tion, reestablishment of control values of PCr and pHi during recovery do not support ongoing ischemia. Loss of phosphates from brain tissue during or aftzr ischemia was examined by comparing total areas of spectra and did not indicate loss of phosphates. The relationship between free ADP and ATP during recovery was also explored because ADP is an important regulator of ATP production (Table 1) . Free ADP was 85±19% of control at R-l and 75±20% of control at R-2. As plotted in Figure 2 , there was a significant direct correlation between ADP and ATP during recovery (r=0.63, /?=0.001). Other putative regulators of ATP production were examined. During recovery the correlations between ATP and either Pi (r=-0.17) or free AMP (r=0.35) were not significant. The trend for a reduction in CBF during recovery was further explored by examining the effects of the extent of ischemia on recovery CBF. Thus, recovery CBF has been plotted as a function of the CBF measured during the preceding ischemia (Figure 3 ). Piglets in which CBF was only modestly reduced during ischemia were characterized by near-complete or complete restitution of CBF at recovery. In contrast, piglets with more marked degrees of ischemia (reduction of CBF >50%) had reduced CBF at subsequent recovery periods. As evidenced by the data distribution, the effect of ischemia on recovery CBF was similar at R-l and R-2.
During each interval of ischemia, systemic glucose concentration (258±97, 264±92, and 247±101 mg% for 1-1, 1-2, and 1-3, respectively) and oxygenation (Pao 2 and O 2 content) were unchanged. The glucose concentration at control was 131 ±36 mg%, and the hyperglycemia during ischemia resulted from infusion of dextrose to ensure similar glucose concentrations during each interval of ischemia. A small but statistically 
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FIGURE 3. Plot of changes in cerebral blood flow (CBF) during recovery are plotted as function of extent of CBF reduction during preceding interval of ischemia. CBF on both axes is expressed as percentage of control. Animals with little or no CBF reduction during ischemia had no alterations in recovery CBF, but when larger reductions in CBF occurred during ischemia, CBF was decreased at recovery. The relationship is best described by the second-order polynomial equation Y=37.8+2.2X-0.02X 2 (solid line), where Y represents Recovery CBF and X is Ischemia CBF. Results from recovery 1 and 2 are represented by open and closed symbols, respectively.
significant decrease in Paco 2 occurred during the second interval of ischemia (Paco 2 levels for 1-1, 1-2, and 1-3 were 35.8±4.9, 33.2±4.8, and 34.8±4.2 mmHg, respectively). The experimental paradigm to create partial ischemia resulted in significant direct correlations between MAP and CBF (r=0.75, 0.87, and 0.75, all /7<0.01, for 1-1, 1-2, and 1-3, respectively). This made it feasible to study a range of CBF reduction that was comparable between each interval of ischemia.
A series of representative brain 
Discussion
In our investigation we sought to determine whether repeated episodes of partial ischemia alter the relation- ship between CBF and brain metabolism. This study was facilitated by the use of an MRS technique that provided simultaneous measurements of CBF and metabolism from the same volume of tissue. The most striking observations occurred after ischemia and were characterized by persistent elevation of Pi and restoration of /3-ATP to progressively lower values at Recovery 1 and 2. Multiple studies in adults and newborns have demonstrated that there is incomplete restoration of brain ATP and the sum of adenine nucleotides in the first hours after either ischemia 14 -15 or hypoxia-ischemia. 16 The results of the present study further extend these observations by demonstrating progressive changes in /3-ATP after repeated episodes of ischemia. There are several possible reasons for the altered ATP and Pi during recovery. First, the modest reduction of CBF during recovery could reflect continued brain ischemia. from brain during or after ischemia. The total area of spectra measured during control and recovery did not differ, which suggests that brain phosphate levels were sustained. Brain adenosine was not measured in this study and could potentially contribute to the results. Third, alterations in ATP and Pi after ischemia may reflect lower rates of ATP regeneration due to dysfunction and/or inhibition of brain mitochondria. Postischemic brain mitochondrial respiration of adult rats has been characterized by depression of O 2 consumption in state 3 respiration and reduction in the maximal phosphorylation rate. 17 Lower rates of ATP regeneration may reflect limited production of reducing equivalents by mitochondria. In the first hours after ischemia in adults and hypoxia-ischemia in newborns, the ability to generate NADH is compromised in energy-depleted areas of brain.
1819 Mitochondrial function may also be depressed by the reduction in free ADP during recovery because ADP may be a key regulator of oxidative phosphorylation. 20 ' 21 The direct correlation between free ADP and ATP during recovery supports this contention and is similar to results in adult dogs and gerbils. 2223 The reduction in ADP may also be important for regulating glycolytic production of ATP because immediately after ischemia there is an uncoupling of blood flow and metabolism 24 and an inhibition of both brain glucose utilization and glycolytic flux. 16 - 25 A fourth consideration for the lower ATP concentration during recovery is an uncoupling of oxidative phosphorylation. Under conditions where cellular ionic homeostasis is disturbed (during and after ischemia), oxygen may be used to oxidize reducing equivalents without ATP formation. 26 As discussed by Siesjo, 27 ion transport with recycling across mitochondrial membranes is an alternative to ATP production.
Based on the control values of CBF, 2 H MRS measurements of CBF were considerably lower than CBF of neonatal piglets previously measured with radiolabeled microspheres. 4 ' 6 We have compared CBF measured H MRS systematically underestimated CBF and can still be used to meaningfully quantify relative changes in CBF. Values of CBF were, therefore, presented as percent of control. Potential explanations for differences in CBF derived using microspheres and MRS have previously been reviewed. 5 CBF was not measured immediately after deflation of the blood pressure cuff and infusion of withdrawn blood, and it cannot be ascertained whether an early interval of cerebral hyperemia occurred. Previous observations from our laboratory using microspheres demonstrated a significant increase in CBF to 33% above control 5 minutes after ischemia. 6 In the present study, CBF during recovery, 30 minutes after ischemia, was heterogenous compared with control and reflected the association between greater severity of ischemia and larger reductions in recovery CBF. This observation suggests that, after ischemia, early hyperemia with subsequent hypoperfusion does occur in this neonatal animal model. The postischemic response was similar to that in adult animals in which the severity of the hypoperfusion is partly determined by the extent of the preceding ischemia. 28 The absence of association between CBF and ATP and the reestablishment of PCr and pHi during recovery suggest that postischemic hypoperfusion is not in and of itself detrimental to tissue integrity. Clearly, further investigations are needed in this area.
The relationship between CBF and brain metabolism was similar during each interval of ischemia except for a lower intercept (p=0.029) for the CBF versus /3-ATP plot for 1-3 ( Table 2 ). Because the slopes of the CBF versus /3-ATP plots were similar during each interval of ischemia, the lower intercept suggested that the CBF value at which ATP reduction initially occurred may differ following repeated episodes of ischemia. However, the present results cannot confirm this suggestion because a larger number of values would be needed in the CBF range of 60-100% of preischemic values. It is possible that the age range at which animals were studied (3-14 days) could influence our results and contribute to the variability in both the changes in CBF and brain metabolic alterations during multiple episodes of ischemia. It should be noted, however, that each animal is used as its own control, which should eliminate any age-related changes in CBF or phosphorylated metabolites. However, the effects of this age range on brain glycolytic rate, energy utilization, and acid homeostasis in this species have not been delineated and are under active investigation in our laboratory.
In adults CBF "thresholds" have been identified; below a critical CBF there are functional disturbances (electroencephalogram, evoked responses), and, below an even lower CBF threshold, ion pump failure (extracellular fluid K concentration) occurs. 29 ' 30 Several investigations of adults have attempted to determine whether these critical CBF thresholds are associated with impaired brain energy status. 31 - 33 The concept of a flow threshold for failure of energy metabolism, however, remains poorly defined in that it is unclear which compounds (ATP, PCr, ADP, etc.) best indicate energy "failure" and what extent of change in these compounds is biologically important. Nevertheless, in adult gerbils and baboons there appear to be abrupt changes in brain metabolism at apparently critical CBF values. 31 -33 Studies using adult animals demonstrate rather large changes in CBF without alteration in brain metabolism; for example, CBF was reduced by approximately 75% before ATP reduction was observed. 3233 In contrast, the results of this investigation indicate a more gradual and progressive reduction in ATP, PCr, and pHi, and an increase in Pi as CBF is decreased. There did not appear to be a broad range of CBF reduction over which altered brain metabolism was absent. The CBF metabolism relationship in neonatal piglets may represent a different pattern from that in adults, reflecting effects of ongoing brain maturation. It is widely accepted that newborn brain is more resistant to ischemia than that of adults. 3435 However, this conclusion is based on measures of brain metabolism over time at one level of ischemia (usually complete) and do not address brain metabolism as a function of partial ischemia as described in this study. If genuine differences are present between adults and neonates, brain vulnerability to ischemia as a function of age may be more complex than previously thought.
